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Abstract

Due to their unique adsorptive potentials, graphene-based nano-composites [especially graphene oxide (GO)] have been
recently researched intensively for sequestrating organic pollutants, such as dyes and pharmaceuticals. These pollutants
are primarily adsorbed via n—r, H-bond, and electrostatic interactions, achieving 37—-1148 mg g~' maximum adsorption
capacities. This review identifies the influence of pH, temperature, sorbate concentration, and sorbent dosage on the sorbate-
sorbent interface. The investigated adsorptions occurred within pH 2—12, promoting cationic surfaces that achieved up to
394.6 mg g~!. Also, both dyes and pharmaceuticals were predominantly removed endothermically (>532.6 mg g~!) than
exothermically (> 14.10 mg g~!). Further reusability tests over 3—15 cycles accomplished between > 50 and 100% removal
efficiencies. In comparison, zeolites were other adsorbents with similar performances to functionalized GO, except that GO
exhibits superior affordability, mechanical strength, specificity, and reusability. However, simultaneous removal of dyes and

pharmaceuticals using GO requires further research for improved performance.
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Introduction

Environmental pollutants, particularly organics, threaten
the global ecosystem and human health incessantly. For
example, anthropogenic-based organics (dyes, insecticides,
pharmaceuticals, and cosmetics) have been reportedly found
in various surface and subsurface water bodies globally [1].
Specifically, fresh water is a necessity for life. However, its
availability is consistently dwindling because of the con-
tinuous surface water contamination from improper waste
disposal into rivers from sewages and wastewater treatment
practices [2]. As a result, oral consumption of such contami-
nated water has been attributed to many severe diseases, such
as diarrhea, cholera, dysentery, typhoid, and polio, causing
approximately 485,000 diarrhea-based deaths annually [3].
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For instance, pharmaceutical industries often require
large quantities of water for routine operations, generat-
ing enormous amounts of wastewater. According to stand-
ard regulations, such wastewaters are filtered for nitrates,
phosphates, and carbons before eventually discharging the
effluents into water bodies. Still, some unwanted toxic met-
als, solids, and organics are residual in the effluents [4]. As
a result, pharmaceutical wastewater could contain various
organic pollutants, poisons, and minerals that could end up
in drinking water supplies.

To mitigate against these environmental maladies, various
pollution prevention and aftermath control techniques have
been deployed, including oxidation [5], photocatalysis [6],
filtration [7], precipitation [8], sedimentation [9], coagula-
tion [10], osmosis [11], distillation [12], adsorption [13], and
so on. However, these methods have inherent limitations,
such as limited efficiency, high specificity, high-cost require-
ments, secondary waste generation, etc. [14, 15]. Therefore,
a viable, efficient, low-cost, and easily accessible treatment
technique critical for sustainable treatment amidst rapid
technological advancement, population explosion, mecha-
nized agriculture, and industrialization [16].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s41204-024-00373-w&domain=pdf
http://orcid.org/0000-0002-8344-4154

390

Nanotechnology for Environmental Engineering (2024) 9:389-409

Background information on graphene
and graphene oxide

Of the many mitigation options, adsorption is arguably
the most popular and reliable for water detoxification
[17] because of its ease-of-operation conditions, numer-
ous adsorbent options, relative affordability, large-scale
applicability, regeneration and reusability, ready func-
tionalization, high efficiency, and designability [18, 19].
Specifically, graphene-based nanomaterials are excellent
adsorbents for mitigating numerous environmentally haz-
ardous compounds [20-23]. Carbon nanotubes (CNTs),
graphene, and other carbon-based composite materials
are advanced nanomaterials with high water purification
performances [24]. Preparing graphene-based nano-com-
posites has emerged as the most vital cutting-edge research
in water purification. However, these materials are expen-
sive, making them (and CNT materials) unsustainable and
unrealistic for water purification. Still, they serve as the
foundation for next-generation water purification materi-
als with much-improved performance and flexibility [25].

Graphene, a two-dimensional (2D), one-atom-thick
nanomaterial made of sp>-hybridized carbon, has piqued
immense research interest due to its impressive proper-
ties, such as high specific surface area (2600 m? g~!)
[26], excellent thermal conductivity (5000 W m~! K1)
[27], high-speed electron mobility (200,000 cm? V~! 57!
at room temperature) [28], high stiffness and strength (a
1000 GPa Young's modulus and 130 GPa break strength)
[29], electrocatalytic activity [30], and excellent opti-
cal properties [31]. Graphene's applications are diverse,
with enormous interest in medical, chemical, and indus-
trial uses. Its inherent properties enable the fabricating
of lightweight, thin, flexible, and strong display screens,
electric/photonics circuits, optical electronics, photovol-
taic cells, solar cells for energy storage, and ultrafiltration
in water treatment. [32—-35]. Based on this concept, diverse
graphene derivatives have been prooduced and applied to
environmental protection and detection. Intense efforts are
directed at developing efficient yet affordable processes for
fabricating graphene derivatives [such as graphene oxide
(GO)] and reducing their expensive and somewhat difficult
production procedures.

Graphene oxide is a precursor for producing single-
layer graphene. It is composed of a single sheet layer
of graphite oxide, which is synthesized by the chemical
oxidation of graphite [36, 37]. Since it is hydrophilic, it
effortlessly exfoliates and disperses in water or organic
solvents [38, 39]. Oxygen-containing functional groups
(such as carboxylic, epoxide, and hydroxyl groups), high
surface area, and hydrophilicity make GO flakes an excel-
lent prospective sorbent material [40, 41]. It exhibits a
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large adsorption capacity due to the large surface area
[42—-44]. The hydrophilicity of oxidized graphite allows
water to be absorbed into the layered structure, further
increasing the gap between the layers to 1.15 nm [45].

Graphene oxide is a yellow, oxidized solid with the same
layer structure as graphite. Still, it has numerous irregu-
lar spacing arising from many oxygen-containing groups
on the basal planes and sheep edges [46, 47]. Because of
its high dispersivity (solubility) in water after oxidation,
GO's propensity for removing water pollutants is superior
to graphene’s. Graphene oxide exhibits improved selectiv-
ity (adsorption and detection) while preventing aggrega-
tion where necessary. Here, we present compiled data from
recent graphene-based nanomaterials for cleaning organic-
laden wastewater from various industries. The adsorption
mechanism, limiting factors, preferential adsorption, and
effective surface area are estimated.

Organic pollutants in wastewater
Pharmaceuticals

Prescription and over-the-counter medicinal and veterinary
drugs contain synthetic or natural chemicals with pharmaco-
logical effects [48, 49]. The present age in the pharmaceuti-
cal industry began with local apothecaries, expanding from
their traditional role of dispensing botanical drugs (such as
morphine and quinine) to wholesale manufacture in the mid-
1800s, courtesy of the advent of applied research. For the
first time, German pharmacist assistant Friedrich Sertiirner
isolated morphine, an analgesic and sleep-inducing chemi-
cal, from opium between 1803 and 1805. He named the
substance after the Greek god of dreams, Morpheus [50].
Later, in the 1880s, German dye makers mastered the puri-
fication of individual organic compounds derived from tar
and other mineral sources and developed primitive organic
chemical synthesis procedures [51]. Improving the chemical
synthetic methods allows scientists to systematically vary
chemical substances' structures. As pharmacology grew, it
broadened scientists' ability to assess the biological effects
of these structural changes.

Approximately 10,000 pharmaceuticals with about 3000
components are licensed for animal and human treatments
[52]. For instance, pharmaceutical consumption in European
countries has climbed steadily from 2000 to 2015 due to
rising cholesterol-lowering medications [53]. Antibiotics,
analgesics, antipyretics, antidepressants, and chemotherapy
chemicals are the most common constituents of pharmaceu-
tical waste. Specifically, estrone, ethinylestrone, estradiol,
and other pharmaceuticals are highly carcinogenic, while
tetracycline is a recognized antibiotic that poses signifi-
cant adverse effects on human health. Also, indiscriminate
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environmental discharge of persistent antibiotics (such as
chloramphenicol and sulphonamides) is a severe problem.
Pharmaceutical concentrations in the aquatic environment
have grown proportionally (from ng L™! to mg L) to the
consumption trend [54, 55]. Tracking their environmental
fate is highly tedious, given their widely dispersed varia-
tions. As a result, a priority list was produced that ranks the
value of drugs based on influential factors, such as intake,
toxicity, and persistence [56]. Figure 1 reveals the major
release pathways of pharmaceuticals into the environment.

Over the last decade, pharmaceuticals (at trace levels)
in the environment and the water cycle (nanograms to
low micrograms per liter) have been widely explored. The
advancements in analytical techniques and apparatus are
primarily responsible for improved detection. Numerous
studies have identified many pharmaceuticals in municipal

wastewater and effluents as a significant source of drugs in
drinking water. Given that raw sewage and wastewater efflu-
ents are crucial sources of pharmaceuticals in surface waters,
evaluating the efficacy of available control techniques, espe-
cially for potable purposes, is imperative.

Biological transformation and chemical adsorption are
the most common techniques for removing pharmaceuticals
in wastewater treatment plants, employing conventional acti-
vated sludge (CAS) systems [57, 58].

Dyes

A dye is a colored, natural, semi-synthetic, or wholly manu-
factured substance with an affinity for specific substrates
while exhibiting distinctive coloration [60]. Dyes are of
various structures, often classified based on their chemical
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contents or application in textile industries. Each dye’s color
is attributed to the chromophores it bears, linking the aux-
ochromes [61]. Also, dyes can be classified based on the var-
ious chromophore groups, with the prominent ones includ-
ing azo (-N =N-), carbonyl (-C=0), methane (-CH =),
nitro (-NO,), and quinoid [62]. The major auxochromes
are amine (-NH,), carboxyl (-COOH), sulfonate (-SO;H),
and hydroxyl (-OH) [63]. Another chemical reactivity and
pH classifications include basic, reactive, dispersion, direct,
vat, and azo dyes. All these classes have been explored for
wastewater treatment [64]. Table 1 lists common dyes used
in textile dyeing procedures.

Reactive dyes are brightly colored organic materials used
to tint textile materials. Due to their effective and efficient
dyeing qualities, they are widely used in the textile industry.
In terms of durability, fiber-reactive dye is the most promi-
nent type. The dye molecule characteristically forms with
the cellulose fiber molecule via covalent bonds. Reactive
dyes are subdivided into azo, anthraquinone, and phthalo-
cyanin groups [65]. Most common azo dyes are carcinogenic
[66]. Their deterioration is similarly hazardous due to their
prominent molecular structure.

Amines are formed from the reductive cleavage of azo
bonds, making them poisonous and carcinogenic [67]. Azo
dyes can change soil’s physicochemical properties upon
absorption, which annihilates vegetation. If the dyes linger
in the soil for an extended period, they may terminate benefi-
cial soil microbes, thereby hindering agricultural output sig-
nificantly [68, 69]. Due to their excellent coloring qualities,
azo dyes dispersed in water are visible to human eye, even

in minute concentrations. Dyeing degrades the visual qual-
ity of the water and prevents sunlight penetration, altering
photosynthesis [70]. This phenomenon depletes the oxygen
level and disrupts biological cycles.

Depending on their concentrations, azo dyes are hazard-
ous to the ecology and mutagen. About 109 kg of dyes is
generated annually globally, with azo dyes accounting for
70% [71]. Considering large quantities of azo dyes are pro-
duced and used frequently in various industries (such as
leather tanning, textile, paper, food, etc.), they transform
into carcinogenic aromatic amines upon entering the envi-
ronment. Therefore, improper disposal is a major ecological
concern to human and animal health [72]. As a result, it is
vital to safeguard the environment from toxic dye effluents
and mitigate against human exposure via various physical,
chemical, and biological treatments or their combinations.
Figure 2 summarizes the impact of textile dyes on several
substrates.

Other common organic pollutants

Other organic pollutants of concern include humic sub-
stances, phenolic chemicals, petroleum, surfactants, pesti-
cides, polycyclic aromatic hydrocarbons (PAHs), and aro-
matic amines. For instance, long-term exposure to PAHs can
cause cataracts, jaundice, skin redness, inflammation, and
kidney and liver damage [83]. Also, inhaling or ingesting
concentrated naphthalene can denature red blood cells. Simi-
larly, pesticides can negatively and acutely impact human
health (rashes, blindness, nausea, dizziness, diarrhea, and

Table 1 Classification, description, examples, and ecotoxicological effects of dyes

Dye type Description Dye example Ecotoxicological effect Ref.
Acid Water-soluble anionic compound Acid orange 7, acid blue 83, acid blue Nausea, vomiting, diarrhea, carcino- [74-76]
7, acid yellow 36 genic and mutagenic effects
Basic Water-soluble, applied in weakly Basic red 1, basic yellow 2, methylene Alters the physical and chemical [77, 78]
acidic dyebaths, very bright dyes blue, rhodamine 6G properties of water bodies and
causes detrimental effects on flora
and fauna
Direct Water-soluble, anionic compounds, Direct red 28, Congo red, direct black  Toxic to aquatic animals and plants, [79-81]
directly applicable to cellulosic 38 carcinogenic, mutagenic, and
without a mordant dermatitis
Disperse Not water-soluble Disperse violet 1, disperse red 60, Carcinogenic and mutagenic; they [74,76]
disperse red 9 cause soil and water pollution
Reactive Water-soluble, anionic compounds, Reactive red 120, reactive red 147, Allergic reaction in eyes, skin, mucous [74, 76]
largest dye class reactive blue 19 membrane, and the upper respira-
tory tract
Sulfur Organic compounds containing sulfur ~ Sulfur black 1, sulfur blue, sulfur bril- Itchy or blocked nose, skin irritation,  [74, 76]
or sodium sulfide liant green, phthalic anhydride carcinogenic, sneezing, and sore
eyes
Vat Water-insoluble, oldest dyes, more Vat acid blue 74, vat blue 1 Affects the clearness and quality of [75,77, 82]

chemically complex

water resources, dermatitis, rhinitis,
allergic conjunctivitis, and other
allergic reactions
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Fig. 2 Effects of textile dyes on several substrates [73]. Reprinted with permission

death), while chronically causing congenital disabilities,
reproductive injury, neurological and developmental toxic-
ity, cancer, and endocrine system [84].

Adsorption of pharmaceuticals and dyes

Due to their excellent and distinctive structural proper-
ties, graphene-based nanomaterials have been employed to
remove various pollutants (including drugs and dyes) from
wastewater before environmental disposal [85, 86]. Table 2
summarizes recent reports on the experimental design, tar-
get adsorbate, maximum adsorption capacity, etc., of such
practices.

For example, using response surface methodology, Yang
et al. employed a central composite design to evaluate the
operating parameters and identify the ideal conditions for
enrofloxacin (ENF) and Rhodamine B (RhB) removal using
GO. With an excellent correlation coefficient (R”=0.9987
for ENF and R?=10.9999 for RhB), the quadratic model
effectively characterized the removal efficiency, which
increased with the sonication period, pH, and adsorbent
amount. pH 7 was the optimum for drug and dye uptake.
Elsewhere, Rauf et al. [88] investigated the effect of pH, con-
tact time, temperature, initial MV concentration, and adsor-
bent dosage in using a magnetic and recyclable montmoril-
lonite/GO/CoFe,0, (MMT/GO/CoFe,0,) nano-composite

to clean methyl violet (MV) dye-laden wastewater. The
researchers observed that adsorption increased as the pH
rose from 2 to 8 before plateauing. The low cationic dye's
adsorption at low pH was ascribed to the concentrated H*
and the ions occupying the active sites on the sorbent. As
the initial pH rises, H* concentration reduces, and the com-
petition for adsorption sites between H* and cationic dye
radicals decreases, increasing the adsorption efficiency.

In another investigation, Feng et al. [89] created a new
B-cyclodextrin-immobilized reduced GO (f-CD/rGO) to
improve naproxen adsorption from aquatic environments.
The porous adsorbent had numerous hydroxyl groups and
acetalization between the f-CD and the rGO, which enabled
a more stable three-dimensional structure. At 313 K, -CD/
rGO exhibited a q,,,,, of 361.85 mg: g~ ! for naproxen. Spent
B-CD/rGO could be regenerated with ethanol, making the
adsorbent viable for naproxen treatment.

Similarly, Anurag et al. investigated the effect of pH,
adsorbent dosage, temperature, and initial drug concentra-
tion using rGO-MoS, heterostructure to remove ofloxacin
antibiotics from an aqueous phase [90]. The 95% maximum
removal efficiency at a 0.35 g L™! dosage and 10 mg L™!
initial concentration in 4 h was achieved despite the sorb-
ent’s low surface area of 17.17 m? g~!. The experiment was
conducted at pH 4-10, revealing the q,,,, at pH 6 (25 °C).
Also, Akpotu and Brenda used MCM-48 encapsulated with
reduced GO/GO and as-synthesized MCM-48 to clean up
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Table 2 Various experimental designs, conditions, and properties of removing dyes and pharmaceuticals using graphene-based adsorbents

Experimental design Adsorbate Adsorbent Qmax  Adsorption properties Ref.
-1
(mgg )
Central composite  Enrofloxacin Graphene oxide (GO) 45.04 Langmuir [87]
Rhodamine B 107.2  Freundlich
- Methyl violet Montmorillonite GO/CoFe,O, 97.26  Langmuir, n—x electrostatic [88]
- Naproxen B-cyclodextrin-reduced graphene oxide 361.8 Langmuir, Pseudo-second order, n—x inter-  [89]
actions, Hydrogen bonding, Host—guest
interaction
- Ofloxacin Reduced GO-MoS, 37.31 Langmuir, Pseudo-second order, Exothermic [90]
- Caffeine M48-GO 153.8  Langmuir, Exothermic [91]
Phenacetin M48-graphene 212.7
Co-precipitation Sulfamethoxazole ~GO-ionic liquid - Freundlich, Langmuir, 7—x interaction, [92]
Reactive bluel9 Hydrogen bonding

Hydrothermal Methylene blue U10-66(0OH),/GO

- Methylene blue
Malachite green
Basic fuchsin
Rhodamine B

- Dopamine
Clenbuterol
Orciprenaline
Methylene blue
Crystal violet

- Rhodamine B
Crystal violet
Methylene blue
Malachite green

Acrylic acid-GO

Fe;0,-Si0,/GO/CS/MPTS

MnFe,0,/graphene

- Freundlich, Pseudo-second order, nvr inter-  [93]
action, Hydrogen bonding, electrostatic
attraction

1448  Langmuir, =—n conjugation, Hydrogen bond- [94]
582.1 ing, electrostatic

571.7

437.1

215.5
264.0
184.2
558.7
613.5

67.8 n—x stacking interaction [96]
81.3

137.7

394.5

n—7 interaction, electrostatic interaction, [95]
cation- w interaction

pharmaceuticals in aqueous systems [91]. Therein, RGO/
GO was successfully encapsulated on MCM-48 after fab-
rication and characterization of GO/reduced GO MCM-48.
The adsorbent's pHpzc significantly impacted the adsorp-
tion interface. M48G demonstrated higher adsorption than
ASM48 and M48GO, which could be due to its hydropho-
bic nature. In comparison to basic conditions (pH > pKa),
adsorption of CAF and PHE on the adsorbents was highest
at acidic pH (pKa). However, because the pH range investi-
gated was below the pKa values of the drugs, the influence
of pH on adsorption was minimal.

Ogunleye et al. [92] adopted co-precipitation to adsorb
sulfamethoxazole and reactive blue 19 on GO modified with
imidazolium-based ionic liquid (Fig. 3). Due to its long
chain carbon tail on the adsorbent, the ionic liquid improved
the hydrophobicity of the adsorbent, boosting the removal of
reactive blue 19 (RB19) dye and sulfamethoxazole (SMZ).
Other mechanisms, such as n-x interaction and hydrogen
bonding, further aided the adsorption. Sun et al. [93] inves-
tigated the parameters influencing MB adsorption onto UiO-
66-(OH),/GO, such as pH, initial concentration, and tem-
perature. The numerous hydroxyl groups on the adsorbent's
surface are protonated, making it difficult for the positively
charged UiO-66-(OH),/GO to attach to positively charged
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MB. As the pH of the solution rises, the H* concentration
decreases, and the MB cation binds to the adsorption site.
The surface groups of the material are deprotonated as the
OH level increases, and the adsorbent gradually shifts from
positively to negatively charged, exposing more negatively
charged adsorption sites. Their results reveal that the UiO-
66-(OH),/GO adsorption kinetics model for MB adsorption
follows the pseudo-second-order kinetic model, and the iso-
therm follows the Freundlich isotherm adsorption model.

Moreover, Wang et al. [94] produced a novel acrylic acid
functionalized GO (p(AA)-g-GO) for high-efficiency cati-
onic dye removal and adsorption research (Fig. 4). The study
demonstrates a practical approach for synthesizing new
p(AA)-g-GO materials by grafting acrylic acid onto the GO
surface. The influence of pH on MB adsorption capacity rose
from 2 to 10 mg g™, and the equilibrium adsorption capac-
ity increased from 340.5 to 634.3 mg g~!. The maximum
adsorption capacity could be due to high pH stimulation
deprotonating -COOH and -OH groups, strengthening the
interaction between AGO, and MB molecules. Other cati-
onic dyes, malachite green (MG), basic fuchsin (BF), and
rhodamine B (RhB), have equilibrium adsorption capabili-
ties of 582.1, 571.7, and 437.1 mg g~!, respectively.
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Fig.4 Performance of acrylic acid functionalized GO (p(AA)-g-GO) for high-efficiency cationic dye removal [94]. Reprinted with permission

In another report, Jiang et al. [95] proposed a simple
method for making layer-by-layer GO-based magnetic
nano-composites (Fe;0,@Si0,/GO/CS/MPTS) for adsorp-
tion removal of f-agonists/dyes and bacterial inactivation in
wastewater. At pH 7, the highest elimination efficiency was
obtained. Fe;0,@Si0,/GO/CS/MPTS exhibited a zero-point
charge of 4.25. The highest adsorption capacity of Fe;0,@
S10,/GO/CS/MPTS for dopamine (DA), clenbuterol (CLE),

orciprenaline (ORC), methylene blue (MB), and crys-
tal violet (CV) were 215.52, 263.85, 184.16, 558.66, and
613.50 mg g™, respectively.

The synthesis and utilization of a graphene-based hybrid
nano-composite (MnFe,0,/G) to mitigate many synthetic
dyes, including methylene blue, malachite green, crystal
violet, and Rhodamine B, was reported by Thuan et al. [96].
MnPFe,0,/G had a BET surface area of 382.98 m? g!. The
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influence of various parameters on the adsorption was inves-
tigated, including concentration (5-50 mg L), pH (4-10),
dosage (5-20 mg), and temperature (25-45 °C). Rhodamine
B (67.8 mg g~!), crystal violet (81.3 mg g~!), methylene
blue (137.7 mg g~!), and malachite green (394.5 mg g™ })
were shown to have the highest adsorption capacity using
MnFe,0,/G.

Adsorption on graphene oxide

Graphene is a novel carbon material made of a single-cell
thick planar sheet of sp>-hybridized carbon with distinct
crystal and electrical characteristics [97-99]. The high
surface area (2630 m? g~! for single-layer graphene) [26,
100], electron transport capabilities [101, 102], high ten-
sile strength [103], and formidable thermal and electrical
conductivities [104] have piqued tremendous interest in
graphene for research purposes and industry applications.
The chemical oxidation of graphite exfoliated in water or
organic solvents produces GO, comprising a single layer of
graphite oxide [38, 39]. When a strong oxidizing chemi-
cal oxidizes graphite, oxygen functionalities (carboxyl,
hydroxyl, carbonyl, and epoxy) are tethered into the struc-
ture, making it hydrophilic. As a result, graphite oxide is
exfoliated in water by sonication, yielding GO, a monolayer
or few-layer oxygen-functionalized graphene. On the other
hand, graphene oxide (GO) is a graphene type frequently
studied as a foundation for graphene synthesis via thermal
or chemical reduction methods. Due to the oxygen engraft-
ment, GO may bind with water to form stable suspensions in
solutions. The oxidized graphite's hydrophilicity encourages
water adsorption into the layered structure, increasing the
distance between the layers to 1.15 nm [45].

GO-based nano-composites can be fabricated, adding
various functional groups that adapt the material for spe-
cific adsorption applications. Courtesy of its surface oxy-
gen-containing functional groups and structural defects,
GO has a higher chemical activity than pristine graphene
[105]. Because of GO's high chemical reactivity, it can
be chemically functionalized, adding additional groups to
the GO platelets. Covalent or non-covalent attachments
can chemically modify these reactive oxygen functionali-
ties (especially carboxylic, epoxy, and hydroxyl groups).
For instance, covalent modification is feasible using poly-
mers to activate, amidate, or esterify carboxyl or hydroxyl
groups in GO via coupling processes [106]. Carboxylic acid
activation with thionyl chloride [106, 107], 1-ethyl-3-(3-
dimethyl aminopropyl)-carbodiimide [108], N, N'-dicy-
clohexylcarbodiimide (DCC), or coupling octadecylamine
with amides [109] are examples of coupling reactions.
Moreover, GO epoxy groups can be covalently function-
alized via ring-opening reactions, whereby a nucleophilic
attack at the a-carbon by the amines takes place [110].
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Ring-opening at the epoxy groups can connect an ionic
liquid (1-(3-aminopropyl)-3-methylimidazolium bromide;
R-NH,) via its amine end to GO platelets [111].

Besides, GO can be functionalized via silanization. Yang
et al. [112] identified covalently bonded 3-aminopropyl tri-
ethoxysilane (APTS) on the GO surface by nucleophilic
reactions between the GO epoxy and APTS amine groups.
Since the silane family provides various terminal functional
groups, various solvents (polar or non-polar) can disperse
functionalized GO after modification [112, 113]. GO non-
covalent functionalization could occur through n — & stack-
ing, cation — & interactions, van der Waals interactions, or
hydrogen bonding [114, 115]. For instance, Yang and co-
workers [114] adopted non-covalent interactions to prepare
a composite containing doxorubicin hydrochloride (DXR)
and GO. A strong hydrogen bonding exists between GO’s
-OH and -COOH groups and the -NH, groups of DXR [116].
Due to their high specific surface area and reactivity, GO-
based nano-composites are preferred adsorbents for ame-
liorating organic or inorganic contamination. In addition,
the numerous delocalized n-electron systems in GO help
generate strong m-stacking interactions with a benzene ring
of contaminants.

Factors affecting the adsorption of organic
pollutants

Adsorption is influenced by physical and chemical interac-
tions, which depend on the adsorbent's features (surface area,
pore size distribution, and surface chemistry), the adsorb-
ate's nature, and the solution's condition (pH, temperature,
presence of competitive solutes, ionic strength). Specifically,
pore size distribution is particularly decisive in physisorp-
tion, determining the accessibility of the sorbate to the pore
volume based on the kinetic diameter of the sorptive and
the hierarchical pore structure [117]. Physisorption is condi-
tioned in two ways: (i) if the pores are too small, adsorption
is hindered; (ii) as the pore size decreases (from macropores
to mesopores to micropores), adsorption strength increases
and contact points between the adsorbate and the adsorbent
increase, inducing adsorption potentials between different
pore walls to overlap [118, 119].

On the chemisorption front, the chemistry of the adsor-
bent surface is solely driven by the availability and amount
of the functional groups. It is crucial in adsorption because
it affects the carbons' adsorption characteristics and reactivi-
ties [120]. The physicochemical features of the adsorbates
also influence adsorption because the rate and capacity of
adsorption are determined by the type of the adsorbed mol-
ecule [121]. The chemical compatibility of the adsorbate and
the solution is the focus of the adsorbate-solution interac-
tions. The increase in the hydrophobicity of the adsorbate
allows the driving force for adsorbate molecules to escape to
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surfaces. The polarity of carbon surfaces influences adsor-
bent interactions. Hydrophilic surface sites, which may
comprise acidic (oxygen-containing) and basic (nitrogen-
containing) functionalities, as well as inorganic (metal)
species on the adsorbent surface, cause surface polarity.
These polar sites serve as the emergent centers of water
clusters, obstructing the removal of hydrophobic contami-
nants by blocking their entrance to the micropores, which
contain most of the activated carbon surface area available
for adsorption [122]. Creating water clusters is significant
for adsorbing contaminants at low concentrations, which is
crucial to environmental treatment systems [117].

pH

The pH of a solution affects the surface charge of a contact-
ing adsorbent. The pH also influences site dissociation and
the pollutant’s solution chemistry. The adsorbents' charac-
teristics, the adsorption mechanism, and the dissociation of
adsorbate molecules can all be affected by the pH of the
aqueous medium. A solution’s pH can also alter the chemi-
cal structure of the pollutant by changing the adsorbed ion's
surface charge and ionization level [123—128]. Table 3 lists
the results of studies examining the effect of initial solu-
tion pH. Cationic dyes attach to the adsorbent surface more
efficiently in alkaline media, while anionic dyes bind more
strongly in acidic media. Typically, HCI and NaOH are used
to adjust the pH of aqueous dye/pharmaceutical solutions.
Due to electrostatic attraction, introducing HCI protonates
the adsorbent’s surface, enabling the anionic dye to bind
more effectively on its surface. In contrast, adding NaOH
deprotonates the adsorbent’s surface, creating a repulsive
interaction between the anionic dye and the sorbent.

Temperature

Temperature is also a major physicochemical factor that
affects adsorption mechanisms by changing the reaction
from endothermic to exothermic or vice versa [139]. Tem-
perature affects adsorption, plausibly shifting adsorption
quantity [140]. Temperature can also influence sorption
efficiency depending on the adsorbent and the pollutant.
In general, it improves the adsorption of contaminants by
raising the adsorbate's surface activity and kinetic energy.
If chemisorption ensues, it is favored by higher tempera-
tures because the rate of chemical reaction increases with
temperature. Conversely, if the sorption process is phys-
isorption, the higher temperature will hinder the adsorption
because most physisorptions are exothermic. The adsorbent's
adsorption sites and activity can change chemically due to
temperature change [141].

Endothermic and exothermic processes are distinguisha-
ble. In an exothermic reaction, the efficacy of the adsorption
process reduces as temperature rises. This occurrence can be
explained by the fact that when the temperature increases,
the intermolecular interactions at the adsorption interface
weaken [142]. Because the mobility of the pollutant ions
increases when heat is applied to the solution, exothermic
adsorption is typically utilized to regulate the intraparti-
cle diffusion [143]. On the other hand, as the temperature
rises, the efficiency improves because more active sites are
available due to the sorbent surface's activation at higher
temperatures [144]. Overall, enhanced adsorption at higher
temperatures may indicate an endothermic process rather
than exothermic, especially at lower temperatures.

Table 4 illustrates the results of studies investigating the
effect of temperature.

Table 3 Results of various research on the effect of initial solution pH on the removal of dye/pharmaceuticals using GO-based adsorbent

Dye/Pharmaceutical Adsorbent Ionic Nature pH Increase of pH (1) Ref.

Methylene blue B-cyclodextrin/poly(acrylic acid)/GO Cationic 2-12 mgg 't [129]
Safranine B-cyclodextrin/poly(acrylic acid)/GO Cationic 2-12 mgg 't [129]
Ethyl violet Xylan/poly(acrylic acid)/GO Cationic 2-9 E% 1 [130]
Malachite green Zeolitic imidazole GO Cationic 3-6 E% 1 [131]
Basic red 46 GO Cationic 1-6 E% 1 [132]
Methylene blue Zeolite-A/reduced GO Cationic 2-11 q(mg.g™") 1335.2t0394.6 [133]
Sulfamethoxazole Silica-magnetic GO - 5-9 q(mg.g™hH | [134]
Naproxen Silica-magnetic GO - 2-10 E% | [135]

(GO-MNPs-Si0,)
Phenazopyridine Magnetite-GO - 3-8 E% 1t [136]
Dorzolamide GO-poly(acrylic acid) - 3-9 E% | [137]
Chlorpheniramine GO-iron oxide - 2-11 q(mg/g) [138]
77t0 318 1

“E% is the efficiency of the adsorption process
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Table 4 Results of studies on the effect of temperature on the removal of dye/pharmaceuticals using GO-based adsorbent

Dye/Pharmaceutical Adsorbent Temperature Type q.(mg.g™h Ref.
(K) of Process
Malachite green Starch-graft poly (acrylamide) GO/ 298-328 Endothermic 297 [145]
hydroxyapatite

Methylene blue GO-Zeolite 298-318 Endothermic 82.15-97.35 [146]

Acid orange 8 GO 293 - 29 [147]

Direct red 23 GO 293 - 15.3 [147]

Rhodamine Reduced-GO-nickel - Endothermic 47.62 [148]

Methylene blue Magnetic GO - Endothermic 32.56-1430 [149]

Amoxicillin Magnetic graphene nanoplatelets 293-313 Exothermic 14.10 [150]

Aminophen GO composites - - 13.7 [151]

Carbamazepine GO composites - - 11.2 [151]

Tetracycline Graphene 293 Endothermic 272.7 [152]
KOH-activated graphene 532.6

Ciprofloxacin Magnetic Polyaniline/GO 298-318 Endothermic 106.38 [153]

Chlorotetracycline Magnetic GO 313 Endothermic 162.4 [154]

Tetracycline hydrochloride 106.6

Oxytetracycline 145.9

Chlorotetracycline GO/TiO, 298 Endothermic 261.1 [155]

Concentration

The initial concentration of pollutants is also one of the most
vital factors influencing adsorption. It indirectly impacts the
effectiveness of dye/pharmaceutical removal by altering the
binding site availability on the sorbent. The efficiency of
pollutant removal and the maximum amount of the pollut-
ants bound in equilibrium are directly correlated to the con-
centration of the initial pollutant [156, 157], as expressed
in Egs. 1 and 2.

C -G
E(%) = — x 100 (1)
Cr
(C,—C)xV
m

where E (%) is efficiency, q (mg-g_l) is the amount of
pollutants bound in equilibrium, C; (mg-L™") is initial

concentration, C; (mg-L_l) is the final concentration, m
(g) is the amount of adsorbent, and V is the volume of
the aqueous solution. Three tendencies may be seen when
looking at the influence of initial pollutant concentration:
(a) removal efficiency declines as initial concentration
increases; (b) removal efficiency increases as initial con-
centration increases; (c) no appreciable change in removal
efficiency. Table 5 lists the results of studies investigating
the effect of initial concentration on the efficiency of GO-
based adsorbents in removing dyes and drugs from polluted
water samples.

Specific surface area

An essential component of sorption processes is specific
surface area (SSA), the total surface area of a solid material
divided by its mass. SSA is influenced by particle size, the
material's structure, and porosity [162]. Two factors deter-
mine how adsorption capacity and particle size relate to one

Table 5 Results of studies

o Dye/Pharmaceutical Adsorbent Concentra- Reac- Efficiency Refs.

on the effect of initial tion (mg tion time (%)

concentration on removing L ' (min)

dye/pharmaceuticals using

GO-based adsorbent Acid orange 7 Cobalt ferrite-reduced GO 5-30 120 92.11-79.45 [158]
Methylene blue Polyaniline-GO@S1TiO, 10-50 - 99.0-89.6 [159]
Methyl orange Polyaniline-GO@S1TiO, 10-50 - 95.01-81.75 [159]
Malachite green Poly(methylmethacrylate/GO-Fe;O, 1-7 35 Increased [160]
Malachite green Poly(methylmethacrylate/GO) 1-7 35 Increased [160]
Tetracycline MnO,/graphene 100-1000 - - [161]
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Table 6 Results of studies

. Dye/Pharmaceutical Adsorbent Specific surface g, (mg.g™") Ref.
on the effect of specific 2 -1
area (m-.g~ ")
surface area on the removal
of dye/pharmaceuticals using Crystal violet Reduced-GO 491 1714 [164]
GO-based adsorbent Zeolitic imidazolate-67
Methyl orange Reduced-GO 491 426.3 [164]
Zeolitic imidazolate-67
Crystal violet Gum tragacanth/GO 283.84 94 [165]
Congo red Gum tragacanth/GO 283.84 101.7 [165]
Congo red NiO/graphene 26.10 123.9 [166]
Tetracycline Nitrilotriacetic acid-magnetic GO 24 109 [167]
Tetracycline Diethylenetriaminepentaacetic acid 176 - [168]
functionalized magnetic GO
Ciprofloxacin Porous graphene hydrogel 231.38 235.6 [169]
Fluoroquinolone Polydopamine @ GO/Fe;0, 50.34 70.9 [170]
Ciprofloxacin Magnetic chitosan-GO 388.3 282.9 [171]
Sulfamethazine Graphene 271.10 104.9 [172]

another: (a) the chemical structure of the dye molecule and
its capacity to produce hydrolyzed species determine the link
between adsorption capacity and particle size, and (b) the
adsorbent's properties. Since there are more active sites for
binding, smaller particle sizes increase adsorption capacity
and efficiency in batch techniques [163]. Table 6 provides
research findings on the effect of SSA on such adsorp-
tions. Small particle size may lower the adsorption capacity
depending on the type of adsorbent.

Adsorption capacity and selectivity

Surface functionalization of nanomaterials is a simple tech-
nique that improves selectivity and specificity against con-
taminants [173]. Dissolved organics in water can severely
diminish adsorbents' performance and capacity. Factors
that contribute to lowering adsorbent efficiency toward dis-
solved organics include the following: (i) dissolved organic
materials are often concentrated than other aqueous pol-
lutants; (ii) dissolved organic materials may strive with
pollutants through various mechanisms, such as competi-
tion for adsorption sites and pore blockage; and (iii) dis-
solved organic materials do not readily desorb due to its
high molecular weight and ability to bind at multiple sites
[174]. Though achieving several goals in a single treatment
procedure may be challenging, understanding the interac-
tions between dissolved organic materials and adsorbent is
critical for optimizing their removal from water, minimizing
their impact on the removal of target pollutants, or both.
The two fundamental interactions that control the extent of
dissolved organic materials adsorption by adsorbent are size
exclusion and adsorption processes [175]. Two primary fac-
tors determine an adsorbent’s capacity for dissolved organic
materials: (i) carbon surface acidity vs. dissolved organics’
composition and (ii) carbon pore size vs. molecular size. As
the surface and adsorbate macromolecules are chemically

compatible, adsorbent capacity should rise as the size of
dissolved organic materials decreases. Repulsive forces may
significantly reduce adsorption capacity between strongly
acidic functionalities (such as carboxylic groups) on the
adsorbent surface and within the dissolved organic materi-
als structure [176].

Sorbate-sorbent interface

The adsorption mechanism is essential to developing an
adsorption application. Usually, the total area per unit vol-
ume determines the adsorption capacity. The active sites
on the exterior surface are more open to adsorbates than
those on the inner pore walls, both contributing to the
total adsorption capacity [177]. Although graphene has
a large surface area, the material is not permeable. As a
result, introducing pores improves its adsorption capac-
ity. Another technique to increase graphene's adsorption
capacity is introducing various functional groups onto the
surface, which show significant affinity toward the adsorb-
ates of interest. The functional groups help the adsorbent
and adsorbate to form bonds.

Oxidizing graphene makes it hydrophilic by functional-
izing its surface with groups like —CO, -COOH, and —OH.
Thus, graphene-based materials attract organic dyes and
pharmaceuticals via hydrogen bonding, electrostatic, or 7—x
conjugation interactions at the interface [178, 179].

Graphene oxide is an efficient dye adsorbent due to its
unique conjugated, two-dimensional structure. GO sheets
have several oxygen-rich functional groups that create
negative charges. GO sheets are highly dispersed in water,
inhibiting the separation of dye-adsorbed GO sheets from
the aqueous phase. As a result, numerous modified GO-
based nanomaterials have been produced to facilitate dye
and pharmaceutical separation from aqueous environments.
For example, Uio-66-(OH),/GO was developed by Sun
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et al. [93] for the adsorptive removal of dye and antibiot-
ics from water. Methylene blue (MB) adsorption on UiO-
66-(OH),/GO combines physisorption and chemisorption.
The strong chemical bonding force between the metal and
the MB molecule may be responsible for MB adsorption on
Ui0-66-(0OH),/GO, considerably improving the adsorption
efficiency.

Furthermore, under different acid—base environments, the
material's surface electronegativity varies somewhat, affect-
ing the electrostatic interaction between the adsorbent and
the adsorbed substance. Tetracycline hydrochloride (TC)
adsorption by UiO-66-(OH),/GO is also influenced by the
n-1 interaction and hydrogen bonding. Hydrogen bonding
and the m-x interaction are crucial in the interaction between
GO and TC. The amine group in the TC molecule is basic,
whereas the Zr-O cluster in UiO-66-(OH),/GO has partial
Lewis acid characteristics, and the acid—base interaction
is another chemisorption mechanism. According to Zheng
et al. [180], electrostatic attraction and ion exchange pro-
cesses are responsible for the adsorption of anionic dyes like
CR and MO on GO-NiFe-LDH. The ion exchange method
also involves the exchange of ions between the adsorbate
and the adsorbent.

Elsewhere, Matej et al. [181] used molecular modeling to
create the most comprehensive adsorption dataset for pris-
tine and functionalized graphene interacting with antibiotics,
such as 8-lactams, 3 macrolide, 12 quinolone, 4 tetracycline,
15 sulphonamide, trimethoprim, 2 lincosamide, 2 phenicole,
and 4 nitroimidazole, and their transformation products in
water and n-octanol. The results demonstrate that adsorption
is aided by combining non-covalent interactions, such as

Fig.5 Adsorption mechanism
of 2,4-DCP on the GN/HCPC
composite [186]. Reprinted with
permission

van der Waals dispersion forces, n-interactions, hydrophobic
interactions, and hydrogen bonding. Regarding chemisorp-
tion, Ahmed et al. [182] describe the mechanism of gemfi-
brozil (GEM) adsorption by the graphene-based composite
foam. The high correlation coefficients show that the adsorp-
tion equilibrium of GEM by the foam material followed the
Langmuir isotherm model. The Langmuir isotherm is a
good model for illustrating a chemical adsorption process
in which the adsorbent and adsorbate generate chemical
interactions between their reactive groups that are either
ionic or covalent.

Similarly, Liu et al. [183] described the adsorption mech-
anism of graphene-based hyper-cross-linked porous carbon
(GN/HCPC) composite to consist of pore filling, hydrogen
bonding, and n-w interactions between the adsorption mate-
rial and the pollutant molecules (Fig. 5). Prarat et al. [184]
proposed that oxytetracycline antibiotic (OTC) adsorption
onto amino-functionalized mesoporous silica-magnetic gra-
phene oxide nano-composites (A-mGO-Si) was driven by
H-bonding and n—x EDA interactions. Also, the cation—x
interactions between = electron of GO and -NH," of OTC
are other possible mechanisms. Li et al. [185] stressed that
H-bonding between OH and COOH groups, n-x interaction,
cation- bonding between protonated amino groups in tet-
racycline (TC) molecule, n-electron-rich structures of the
nitrilotriacetic acid-functionalized magnetic graphene oxide
(NDMGO), and amidation reactions are the leading mecha-
nism for TC adsorption.

In summary, the various adsorption mechanism processes
are illustrated in Fig. 6

amaseaes GNHCPC
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Fig.6 Adsorption mechanism
processes [187]. Reprinted with
permission

Surface diffusion

Intra—particle (pore)
diffusion.

Bulk Solution

Adsorption properties

The adsorption rate is often determined via the kinetic stud-
ies. Adsorption kinetics models provide information on the
adsorption equilibration time and maximum adsorption
rate [188]. Usually, the experimental results are fitted into
various kinetics models. Pseudo-first-order kinetic, pseudo-
second-order kinetic, intraparticle diffusion, and Elovich
models are popular adsorption kinetics models. In theory,
the adsorption rate can be determined by several processes:
(i) transfer of the adsorbate from the bulk solution to the
solid phase's surface; (ii) adsorbate passage through the lig-
uid film attached to the solid surface (film diffusion); (iii)
internal mobility via pore dispersion from the solid phase's
surface to the inner surface of the porous structure (intra-
particle diffusion); (iv) solute diffusion on the adsorption
sites of the solid phase bringing about physisorption and
chemisorption on the solid phase surface. The variability in
the reaction steps, with varied speeds, determines the degree
of adsorbate removal. When adsorption occurs, there is a
temperature difference between the adsorbent and the bulk
fluid [189]. The rate of heat and mass transfer determines
the temperature variation.

Using the pseudo-second-order model, Kong et al. [190]
investigated the kinetics of cadmium (Cd*"), safranin-
O (SO), crystal violet (CV), and methylene blue (MB)

Adsorption process

Adsorption Mechanism

adsorption on nitrogen and sulfur co-doped graphene-based
aerogel (GBA) modified with 2,5-dithiobisurea. The pseudo-
second-order kinetic model had the highest correlation coef-
ficient (R?>0.96). Theoretical adsorption capacity values for
Cd**, SO, CV, and MB computed using the pseudo-second-
order model were 1.354, 0.825, 0.459, and 0.314 mmol g'l,
respectively, agreeing excellently with the experiment value.
These findings confirm the sharing or exchange of electrons
at the interface as the primary adsorption mechanism. In
another study, Lagergren's first-order and pseudo-second-
order models investigated the kinetics of crystal violet
adsorption on the Fe;0,/porous graphene nano-composite.
Here, the pseudo-second-order kinetic model was the most
suitable for the adsorption [191].

Likewise, thermodynamic parameters can be utilized as
indexes to determine adsorption feasibility. They inform
on the equilibrium between the adsorbent and the aqueous
phase, i.e., equilibrium is reached when a system is in its
lowest Gibbs energy state. Thermodynamic properties are
usually used for expressing adsorption systems in two ways:
(i) directly assessable properties comprising temperature
and equilibrium constant, and (ii) properties that cannot be
measured directly, such as Gibbs energy change, enthalpy
change, entropy change, activation energy, and isosteric
heat of adsorption [192]. The study of such thermodynamic
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characteristics elucidates the mechanism and performance
of adsorption.

Anna and Constantine [193] described the feasibility and
spontaneity of the process of estriol adsorption on reduced
graphene oxide, GO, and their magnetite composites (MGr
and MGO). The parameters were calculated and assessed at
25, 35, and 45 °C, as well as the optimum pH for the sam-
ples. The AG® values for the samples were negative at all
temperatures, indicating that adsorption happens spontane-
ously. Furthermore, as the temperature was raised, AG° rose,
showing that low temperatures favor estriol adsorption. The
adsorption was inferred to be primarily physical based on the
computed AG® values (> 20 kJ mol). The sorption evinced
negative AH® values, indicating an exothermic process in
which the total energy required for bond formation between
adsorbate and adsorbent was higher than the total energy
absorbed in bond breaking. Low AS® values indicate reduced
randomness during adsorption at the solid/solution interface.
The negative values of AG, AH, and AS indicate that estriol
uptake is governe™'d by enthalpy.

Adsorbent reusability

Adsorbent regeneration is vital to real-life applications
because it demonstrates the adsorbent's reusability and reli-
ability. Regeneration is the process by which sorbate-laden
adsorbent is refreshed by desorbing the sorbate molecules.

Desorptions are usually accomplished through ion exchange
or pH change. New desorption approaches, such as heat
treatment [187, 194, 195], bio-regeneration [196], micro-
wave irradiation [197], and ultrasonic regeneration [198],
have recently gained a lot of attention. Desorption is also
frequently accomplished through chemical extraction utiliz-
ing desorption agents such as NaOH, HCI, H,SO,, EDTA,
NH,CI, NH,NO;, acetic acid, and phosphoric acid, among
others. Temperature and concentration are two elements that
affect desorption. Table 7 lists the results of various studies
involving the regeneration of dye- or pharmaceutical-laden
adsorbents.

Comparison of graphene-based
nanomaterials with other adsorbents

Generally, adsorbents are porous solid substances with high
surface thermal stability, durability, and adsorption capacity
over various adsorbate concentrations. These materials have
unique pore dimensions that allow speedy mobilization of
gaseous vapors or substances in solution and a short intra-
particle distance [210, 211]. Moreover, an adsorbent should
be earth-abundant and cost-effective. Various adsorbents
have been successfully utilized in decontaminating waste-
water laden with toxic pollutants. For example, zeolites are
excellent adsorbents because of their unique ion exchange
capability to eliminate undesirable cations [212]. Zeolites

Table 7 Results of studies involving regeneration and re-use of dye- or pharmaceutical-laden adsorbents

Sorbate Sorbent Qrmax Removal efficiency (%) No of cycles Ref.
(mgg™)
Ranitidine, Carbamazepine, and Chlo-  Crosslinked chitosan/nitrogen doped- - >50 5 [199]
rothiazide graphene quantum dot nano-compos-
ites
Azo blue, Methylene blue, Orange G, Crosslinked chitosan/nitrogen doped- - 74,73, 84, and 34 5 [199]
and Fluoride graphene quantum dot nano-compos-
ites
Metformin Graphene oxide 50.47-31.60 5 [200]
PHE and CAF M48G, M48GO - 83 and 76,45and 30 4 [91]
Methyl blue and methyl orange Graphene oxide-manganese oxide - 90 7 [201]
Methyl orange MCA, G/MCA, MCA-C, and G/MCA-C - 82, 86, 96, and 99 to 3 [202]
80, 84, 88, and 90
Rhodamine B Reduced graphene oxide-nickel (RGO- - 85 6 [203]
Ni)
Methylene blue and methyl violet CoFe,0, loaded graphene oxide 48.2-10.6 - 4 [204]
8.7
Rhodamine B Bi,0;@GO nanocomposite 320 78% 8 [205]
Methylene blue and Rhodamine Graphene oxide hydrogel 122.5 100-95 3 [206]
95-85
Basic blue 26 Carbon nitride /GO 917.78 89-74 [207]
Norfloxacin N-RGO/Fe;0, 126.5-73.3 81.7-63.5 [208]
Ciprofloxacin MGO @PANI - 96.7-47 15 [209]
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Table 8 Comparison of the advantages and disadvantages of various nanomaterials

Materials Advantages

Disadvantages

Carbon nanotubes
ease of modification

Activated carbons
surface area

Chitosan-based sorbents

Metal oxide-based sorbents Selective and specialized towards a specific contami-
nant due to its charged nature. Large surface area and

good adsorption capacity
Graphene-based sorbents

High adsorption capacity, large surface area, reusable,

Eco-friendly, readily available and reusable, simple to
prepare and modify, non-toxic and selective

The capacity of graphene to remove various pollut-
ants, large surface area, and good capability to be

Toxicity, high cost of production

Carbon-based material with highly developed pores and Reusability and regeneration costs are high, drastically

reducing its application
Crosslinker is needed and less stable for a long time

Agglomerate, due to attractive forces, is toxic and harm-
ful to one’s health; separation is difficult, has poor
mechanical strength, and is less stable

Simultaneous separation of graphene and graphene oxide
is slow

functionalized, chemical functionalization helps to
prevent agglomeration and improves sensitivity and

selectivity

exist in nature as aluminosilicate crystals. They consist of
numerous assorted minerals, including clinoptilolite, which
is highly abundant in nature and is found in more than 40
naturally occurring zeolites [213].

On the other hand, peat moss is ubiquitous and readily
obtainable across the U.S. and Europe. It exhibits high sur-
face area and porosity, enabling its selective affinity toward
toxic cations [214]. Similarly, activated carbons (including
coal-derived sorbents) are non-crystalline carbon-based
materials with highly developed pores and surface areas
[215-217]. However, its reusability and regeneration costs
are high, drastically reducing its application as an adsorbent.

In the quest for improved carbon materials for adsorption,
newer carbon-based nanomaterials (such as carbon nano-
tubes, carbon nanofibers, fullerenes, the graphene family,
etc.) have been investigated. Because of its impressive elec-
trical, mechanical, and chemical capabilities and affordable
production costs compared to other adsorbents, graphene-
based nanomaterials have been employed for diverse adsorp-
tion of organic pollutants such as dyes, pharmaceuticals, and
other organic contaminants. Graphene-based nano-com-
posites are being studied as interesting adsorbent materials
owing to their outstanding properties [217]. The capacity of
graphene to remove various pollutants and its dispersion in
the liquid phase are both essential factors in its application
as nano adsorbents. Graphene can agglomerate and restack
to yield graphite during wastewater treatment. Simultaneous
separation of GO and graphene is tedious. During treatment,
chemical functionalization helps to prevent agglomeration.
It also improves their interaction with various organic and
inorganic contaminants. Adding nanoparticles or other func-
tional components to the graphene surface improves their
sensitivity and selectivity. Layered graphene shows a high
surface area and good functionalization capability by differ-
ent covalent and non-covalent modifications [218, 219]. In

summary, the merits and demerits of these adsorbents are
compared in Table 8.

Conclusion and prospects

In summary, graphene-based nano-composites are of interest
to fundamental research and industrial use. An overview of
the adsorbents shows their capacities for adsorbing phar-
maceuticals and dyes. More attention should be focused
on the current shortcomings, such as graphene oxide syn-
thesis, functionalization, structure, and analysis/charac-
terization methods. But despite all these shortcomings,
graphene-based materials still show advantages in funda-
mental research and industrial uses. Studies on graphene-
based nano-composites are increasing rapidly due to their
enormous and unique properties. Researchers have been
competing to develop novel nano-composites, adopting vari-
ous synthesis methods. The synthesis method is crucial to
large-scale production and controlling the nano-composite's
quality. At the same time, the procedures should be effi-
cient, affordable, and environmentally benign. Therefore,
future research should deploy two-dimensional GO sheets
for advanced technological applications in remediating dye
and pharmaceutical-laden wastewaters.
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